Moyamoya disease is a unique cerebrovascular disorder characterized by idiopathic progressive stenosis at the terminal portion of the internal carotid artery (ICA) and fine vascular network. The aim of this review is to present the clinical application of quantitative digital subtraction angiography (QDSA) in pediatric moyamoya disease. Using conventional angiographic data and postprocessing software, QDSA provides time-contrast intensity curves and then displays the peak time (T max ) and area under the curve (AUC). These parameters of QDSA can be used as surrogate markers for the hemodynamic evaluation of disease severity and quantification of postoperative neovascularization in moyamoya disease.
titative DSA (QDSA) has been reported in various vascular conditions 1, 14) . This review presents the clinical application of QDSA for the quantitative evaluation of neovascularization in pediatric moyamoya disease.
CONVENTIONAL ANGIOGRAPHY
Conventional angiographic examinations were performed using a biplane angiography suite (AXIOM-Artis; Siemens, Forchheim, Germany). A 4 Fr angiocatheter was placed at the level of the C4 vertebral body for DSA of the common carotid artery (CCA). The imaging parameter was six frames per second for the DSA throughout the acquisition series until maximal opacification of the superior sagittal sinus was achieved. Six milliliter of a 60% diluted contrast medium (340 mg/mL) was injected into the patients at a rate of 4 mL/s using a power injector for CCA. Next, we performed ICA and external carotid artery (ECA) angiography using 3-5 mL of contrast medium with 1.5-2.0 mL/s flow rate.
Severity of steno-occlusive changes in the ICA was classified into six angiographic stages as defined by Suzuki and Takaku 8) . : Stage I, narrowing of the carotid bifurcation only; Stage II, dilation of the main cerebral arteries with the appearance of moyamoya vessels; Stage III, partial disappearance of the anterior and
INTRODUCTION
Moyamoya disease is a unique cerebrovascular disorder characterized by idiopathic progressive stenosis at the terminal portion of the internal carotid artery (ICA) and fine vascular network, the so-called "moyamoya vessels" 6) . Surgical treatment for ischemic-type moyamoya disease is reliable with regard to establishing an adequate collateral circulation in the ischemic brain to prevent cerebral infarction. Indirect revascularization is the most widely used treatment to induce angiogenesis in pediatric moyamoya disease 6) . MRI and MR angiography are widely used for the diagnosis and follow-up of moyamoya disease. However, these conventional techniques do not fully demonstrate the complex hemodynamics in moyamoya disease 9) . The conventional digital subtraction angiography (DSA) is still viable for diagnosing moyamoya disease, and Suzuki grading remains the reference standard for evaluating disease severity 5, 8, 11) . It is known that postoperative neovascularization or angiogenesis induces disappearance of moyamoya vessels and progression of the steno-occlusive changes in the ICA. As a result, surgical treatment apparently seems to accelerate the increase in the angiographic stage 2, 5, 11) . However, accurate longitudinal changes in neovascularization have not been fully elucidated. Recently the use of color-coded parametric quan-middle cerebral arteries with increased moyamoya vessels around the circle of Willis; Stage IV, advanced steno-occlusive changes in the ICA, with the anterior cerebral artery (ACA) and middle cerebral artery (MCA) traced very dimly or in a completely different shape; Stage V, absence of the ACA and MCA with further reduction of moyamoya vessels; and Stage VI, blood supply only from the ECA and an almost complete disappearance of moyamoya vessels. The extent of neovascularization through ECA was evaluated as follows : grade 1, one-third or less of the MCA distribution only; grade 2, between one-third and two-thirds of the MCA distribution; grade 3, greater than two-thirds of the entire MCA distribution 4) .
QDSA TECHNIQUES
The DSA images were color-coded using the post processing software Syngo iFlow (Siemens Healthcare, Forchheim, Germany), based on the X-ray attenuation along the angiogram 7) . The software provides a single colored-composite image that shows the path of the movement of contrast medium though the vessels in time. For quantitative analysis, regions of interest (ROI) were placed on the colored image. The software calculated relative opacity data per ROI per time point. It provides time-contrast intensity curves for the ROIs and then displays the peak time (T max ) and area under the curve (AUC) (Fig. 1) . Total relative perfusion was estimated by AUC calculated as the sum of the relative densities at each time point divided by the frame rate. QDSA has been used to access the peritherapeutic hemodynamics in the various vascular disorders including steno-occlusive arterial disease in an angiographic suite 3, 13) .
QDSA IN MOYAMOYA DISEASE
QDSA increases the conspicuity of subtle blood flow changes and enables the quantitative monitoring of hemodynamics in the angiographic suite. Although angiographic grading (Suzuki grading) is still the reference standard for the severity of moyamoya disease, it does not represent the hemodynamic status of the whole brain parenchyma 10, 12) . QDSA could provide a more sensitive parameter of disease severity than conventional DSA. In addition, QDSA could provide the cerebral circulation time and AUC as a surrogate hemodynamic marker in patients with moyamoya disease.
In the preoperative angiography of moyamoya disease, the delay time of maximal opacification (T max ) between the ICA and the MCA can be measured, and Tmax can be correlated with the hemodynamic parameters obtained from dynamic susceptibility-weighted perfusion-weighted magnetic resonance imaging (DSC-PWI). For example, increased Tmax can be observed in the symptomatic hemisphere that shows delayed time to peak (TTP) on DSC-PWI (Fig. 1C) .
For evaluation of neovascularization in postoperative moyamoya disease, two ROIs were placed : one on the proximal CCA and the other on the frontoparietotemporal area corresponding to the bony flap in the lateral view. Compared to the preoperative angiography, QDSA demonstrates postoperative neovascularization both quantitatively and qualitatively. For example, ROI analysis demonstrates a higher AUC value and a short Tmax compared to preoperative QDSA in the area of neovascularization (Fig.  2) . On postoperative ECA angiography, the Tmax and AUC can be measured directly in the area of neovascularization (Fig. 2D) .
LIMITATIONS
For the longitudinal comparison of QDSA data, the injection rate and total amount of the contrast medium should be controlled during angiographic examination because it might result in different shapes and waveform of time-density curves and Tmax, respectively. Standardizing the DSA procedures throughout the study could have minimized these variations. QDSA has no additional invasive procedure or radiation. However, cerebral angiography in children is an invasive procedure and procedure-related complications may occur as a result. III) . B : Color-coded quantitative DSA (QDSA) demonstrates slow flow (green to blue color) in the right middle cerebral artery (MCA) territory compared to the PCA territory (yellow to orange color). ROI analysis of the MCA territory depicts a time-contrast intensity curve using which Tmax and AUC can be calculated. C : Perfusion MRI of the same patient depicts delayed time to peak in the right MCA territory.
A B C

CONCLUSION
In conclusion, QDSA provides qualitative and quantitative information in pediatric patients with moyamoya disease using conventional angiographic data. It is a potentially good surrogate marker for the hemodynamic evaluation of disease severity and quantification of postoperative neovascularization in moyamoya disease. 
